We study the physics of turbulent/non-turbulent interface (TNTI) of an isolated turbulent region in dilute polymer solutions and Newtonian fluid. We designed an experimental setup of a turbulent patch growing in water/dilute polymer solution, without mean shear and far from the walls. The observations from the experiments are complemented and expanded by simulations performed using a localised homogeneous forcing to generate the turbulent front and the FENE-P model for the polymer stress. The comparison, which shows that when Newtonian and viscoelastic TNTIs are fed by the same energy they behave in similar manner both in the experiments and in the simulations, permits to extend the applicability, on a qualitative basis, of single relaxation time polymer models also to turbulent/non-turbulent interfaces.
I. INTRODUCTION
Turbulent/non-turbulent interfaces (TNTIs) are sharp boundaries between regions of rotational and irrotational fluctuations of velocity. These interfacial layers play a central role in the mixing of scalar (temperature, concentration) and dynamical (momentum and vorticity) quantities and are omnipresent in turbulent jets, wakes and boundary layers.
The study of turbulent interfaces is challenging for theoretical, numerical or experimental A study of the effects of dilute polymers on a TNTI can be an important step toward better understanding of both the polymer dynamics in turbulence and of the small scale dynamics of the interfaces. Dilute polymer solutions are known to produce macroscopic changes in turbulent flows through interactions between the smallest velocity gradients and the polymer chains [4] [5] [6] [7] . Such effects in homogeneous isotropic turbulence were inferred to relate to the polymers orientation with respect to the small scale velocity gradients 8, 9 . Simulations with polymer models have shown a strong tendency of polymer conformation tensor eigenvectors to align with the fluctuating vorticity vector and with the stretching eigenvector of the rate-of-strain tensor 10, 11 . It has been also observed that polymers change the flow through interactions with coherent structures 7, 12, 13 . Since TNTI is a well defined region of 3D turbulent flow with a thicker layer of coherent motions bounded by a strongly viscous layer 1 , it is an ideal flow state to study the dynamics of polymers and their interaction with the turbulent fluctuations. In the past, it was shown that the entrainment in a flow without changing its energy injection mechanism is altered by the addition of dilute polymers 14 .
However, this experimental study was limited to the large scales and the results could have been contaminated by the presence of strong shear layers at the side walls of the oscillating grid tank.
We propose here to extend that study to explore the interaction of polymers with the small scale features of the flow and the effects on the turbulent dynamics of the TNTI.
Despite several attempts to directly visualize the dynamics of polymer molecules in simple shearing flows 15 , up to today it is not possible to measure the extension and orientation of polymers in turbulent flow experiments. Therefore, we combine the experimental study with direct numerical simulations (DNS) that can reveal the underlying dynamics of the polymers. DNS of turbulent flows with polymers has commonly to rely on simplified single relaxation time polymer models that are known to replicate at best only qualitative aspects of actual turbulent flows with dilute polymer solutions 10, 16 . Hence their application can give useful physical insight only for the cases where experimental evidence confirms the observed trends in simulations. A joined experimental and numerical approach can give detailed information on the dynamics of polymers near the TNTI while reducing the uncertainties related to the utilisation of polymer models in simulations.
Based on our previous experience with dilute polymer solutions 4, 8, 14, 17 , we propose to address the problem of TNTI by analyzing the growth of a localized turbulent region into a non-turbulent fluid in homogeneous solutions of dilute polymers and a Newtonian fluid.
There are several possible configurations in which a comparative study can be performed.
For instance we can compare two transient cases that propagate at different rates 14 . In such case the kinetic energy in the turbulent patch is a free parameter and it hinders our ability to compare the small scale dynamics near the interface. In this work we address the comparison differently -we first run an extensive set of experimental runs in Newtonian and dilute polymer solutions of different concentration. Then we select the flow cases in which the turbulent kinetic energy within the turbulent region is comparable. In the numerical part we run a Newtonian flow case first and then tune the energy input in the polymer case in order to obtain a comparable data set. Such configuration provides a unique view into the dynamics of turbulent flows with and without dilute polymers near the interface, under equivalent turbulent kinetic energy conditions. The paper is organized as follows. We describe in details our experimental setup and numerical simulations in Section II. We present the key results in Section III, followed by the conclusions in Section IV.
II. METHODS
We study the small scale dynamics of the dilute polymer solution near the TNTI using DNS with the Finitely Extensible Elastic model with the Peterlin closure (FENE-P).
The numerical study is performed synergistically with an experimental study using Particle Image Velocimetry (PIV), following an approach similar to the one used in Liberzon et al.
14 . The synergetic study is important because of two crucial aspects. First, although the FENE-P model proved itself capable to predict the qualitative behavior of turbulent flows of dilute polymer solutions in wall-bounded and quasi-isotropic turbulence, there is little literature available on its applicability in the boundary between turbulent and non-turbulent regions. To the authors best knowledge there is only one previous study of forced shear-less turbulent/non-turbulent interfaces, but this study only addressed a Newtonian case 18 . Second, experiments have shown that in certain conditions, addition of dilute polymers lead to apparently contradictory result: while in most drag reduction applications polymers are found to diminish turbulent fluctuations, in some cases they have been found to amplify them and cause faster propagation rates of turbulent regions 14, 19, 20 . Therefore, a physically relevant study requires a cross-validation of the qualitative observations on the behavior of the interface of zero-mean-shear turbulence in a dilute polymer solution.
II.1. Experimental setup
The physical and numerical experiments are cross-validated in terms of the propagation of quasi-homogeneous turbulent fronts in dilute polymer solutions using the setups shown schematically in Fig. 1 . In the experiment a localized growing turbulent region is created by a spherical grid. The setup is designed specifically to create a turbulent front while avoiding the wall and shear layer effects that could affect the propagation rates 14 . The grid has an average mesh size M = 7 mm and a vertical stroke of ± 2 mm is set by a closed-loop con- 
II.2. Numerical method
In the numerical simulation the polymer solution is described in terms of a single relaxation time FENE-P model, which reasonably combines feasibility and the capability to reproduce some realistic properties of the solutions. The FENE-P model introduces an extra term on the right-hand side of the Navier Stokes equations
where η p is the ratio between the asymptotic zero shear rate viscosity of the solution with polymers and the solvent viscosity, L 2 max is the maximum allowed extension of the polymer chain and C ij denotes the polymer conformation tensor. The values chosen for the two parameters are reported in table I and they are of the same order of magnitude of the ones used for drag reduction studies 11, 22, 23 . The evolution of the conformation tensor reads
The last term on the right hand side is an artificial diffusivity added in order to keep the evolution of the conformation tensor numerically stable. We present the results with χ = 0.005. We have performed extensive tests of the effect of this parameter on the results.
For instance increasing the diffusivity to χ = 0.010 leads to maximum changes below 2% both for turbulent kinetic energy in the bulk and in the interface propagation.
The Navier-Stokes and the conformation tensor transport equations are numerically integrated using a pseudo-spectral method de-aliased with the 3/2 rule and a third-order Table I .
The simulation dataset is composed of 10 independent runs for every case. Bulk statistics of the flow have been sampled at the limit of the region stirred by the body force corresponding to the y − z planes at a distance of ±0.6M from the center of the domain. Turbulent flow TABLE I. Simulation parameters and average turbulent flow properties in the bulk. L 2 max is the maximum allowed extension of the polymer, L 2 B is tr(C ii ) and u B are respectively the average of the trace of the conformation tensor and the root-mean-square of the velocity fluctuations u i in the bulk. is generated and sustained by the addition of a body force to the right-hand side of the momentum equations. This body force is tailored to mimic the length scales and the time periodic input produced in an experimental facility with an oscillating grid. For each of the three directions the body force distribution f i (x, y, z, t) in space and time is determined by the following procedure. First for each component of the body force a random amplitude distribution A i (y, z, t) in the y − z directions is generated, this is done by assigning random values ∈ [−1, 1] at equispaced nodes with separation M = 2π/8, the amplitude distribution is then obtained in the remaining points of the y − z plane by a bi-cubic interpolation in space intersecting the randomly assigned nodes. A new random distribution is generated periodically with a frequency 1/T f . The passage between two amplitudes distributions in time, A i (y, z, nT f ) and A i (y, z, (n + 1)T f ), with n ∈ N, is moreover smoothed by interpolating in time the two configurations, which produces a functionÃ i (y, z, t). The forced region is periodic in the y − z cross section of the domain while it remains confined to a thickness of around M in x-direction as it is shown in Fig. 1 . The final 3-dimensional time varying distribution of the forcing f i (x, y, z, t) is given by
where the parameter K sets the intensity of the body force while ∆ and a determine the thickness of the forced region. In the following, we present the results of the simulation with ∆ = 0.065, T f = 0.1 and a = 1.5π. The body force hence imposes an energy injection length scale M which is comparable to the grid mesh size in experiments and a correlation time scale T f and the virtually infinite turbulent front propagates in the x-direction as shown in Fig. 1b .
II.3. Choice of comparable runs
Whenever two flow states are to be compared one needs to make a choice on how to set up the comparison 24 . In the present work we aim at investigating the effect of polymers on the turbulent entrainment process under the condition that this process "receives" the same energy supply. The energy supply to the interface is measured through the integrated turbulent kinetic energy contained in the turbulent patch. Since it is not possible to deter- In the DNS the integrated kinetic energy in the patch also reaches a quasi-steady state.
Different runs are realized by adjusting the forcing amplitude K in equation (3) and -just like in the experiment -two cases with similar steady-state-levels of kinetic energy are selected.
During the initial transient in the DNS for the polymer case a steep growth of energy is observable in Fig. 2b which is caused by a stronger forcing action (required to achieve the same level of energy for the steady state). After peaking at around 2 eddy turnover times the energy drops to the quasi-stationary value. This has been assumed here to be the consequence of the fact that at the grid walls the sharp velocity gradients necessary to stretch the polymers are generated immediately in the boundary layer forming over the grid Ω th . The value of the threshold used for the interface detection is 2% of the maximum of the mean enstrophy at a given time, i.e. Ω th = 0.02Ω b . In such a way in the simulations an isosurface of enstrophy in a 3-dimensional space is identified and in the following part of the paper, the statistics referring to the interface are obtained by averaging over the points of this isosurface.
In both the simulations and experiments the region close to the interface experience different enstrophy distribution with polymers compared to the Newtonian case as can be seen from Fig. 3 where the values normalized with the average enstrophy in the Newtonian bulk show that vorticity close to the TNTI is larger in the polymer case. Nevertheless the propagation appears to be less effective in the flow with polymers. Indeed the equivalent size of the turbulent region is shown in Fig. 4a and 4b , when the patch reaches a stable size, for the polymer case the values are around 1÷2 mesh sizes smaller than their Newtonian equivalent.
In the experiment, the results are presented in terms of an effective radius r, estimated using the accurately measured area of the turbulent region and presented as a segment of an axisymmetric region.
It is noteworthy that in previous studies under an oscillating grid spanning the full width of the tank, the growth rate of a turbulent region in polymer solution was in some cases faster and in some cases slower than the Newtonian case 14 . In the present study we find both in experiments and in DNS that a finite size patch is reached with the localized forcing. For 
III. RESULTS
After the selection of the two cases for Newtonian and polymer solution cases, we can use DNS results to study in depth the mechanisms for the observed difference in the entrainment.
Since polymers interact with the flow via its velocity gradients, it is natural to focus on the velocity gradient tensor in its symmetric and antisymmetric parts, i.e. the rate-of-strain (hereinafter called strain for the sake of brevity) and vorticity. The strain s ij is known to be depressed in drag reducing fluids in general, and in dilute polymer solutions in particular, 8 but has not been studied at TNTI before.
A representation of the strain field eigenframe allows a deeper look into its internal dynamics. We start with the probability density function (pdf ) of the eigenvalues of the strain rate (Λ 1 ≥ Λ 2 > Λ 3 , where Λ 3 < 0 and Λ
27 . We present these pdf in the bulk and at the interface as depicted in Fig. 5 (a-b) . As it was previously observed experimentally 8 the pdfs are qualitatively similar in both Newtonian and viscoelastic turbulent flows. The difference are only in the reduced tails of the pdf for all the eigenvalues of the polymer case. The average values of Λ i are shown in Table II reflecting the reduction in the eigenvalues intensity in both the bulk and at the interface when the polymers are introduced.
At the interface, the frequency of strong strain events is reduced compared to the bulk and the kurtosis µ 4 of the three distributions is increased as shown in Fig. 5 . The change in the PDF of Λ 2 for the polymer flow compared to the Newtonian one is particularily interesting since the polymers appear to reduce the positive events more than the negative ones (reduced skewness of Λ 2 ). This change in the PDF, which is observable in the bulk and at the interface, implies a reduction of the positive contributions to the enstrophy production, (compared to the Newtonian case) and hence on average a minor value of the latter, as can be shown feeding the values of Table II We continue with the analysis of the alignment between vorticity and strain of Fig. 6 .
The alignment is known to be strongly linked to the dynamics of both strain and enstrophy production and destruction 27, 28 . We know that in genuinely turbulent flows ω is predominantly aligned with the eigenvector λ 2 (corresponding to Λ 2 ) and that enstrophy production depends, as well as on the rate of dissipation, on the geometrical alignments, 27 . In Fig. 6 (a) we see that in the bulk of the flow there are only minor differences in alignments between the Newtonian case and the polymers. For both types of fluids the vorticity remains aligned with λ 2 . However, at the interface we can observe two interesting phenomena linked to the changes observed in the pdf of strain eigenvalues. First, for the polymeric fluid the alignment with λ 1 appears much lower than the one of the Newtonian case at the interface. As Lüthi et al. 28 have shown, the strongest contribution to ω i ω j s ij comes from ω 2 Λ 1 cos 2 (ωλ 1 ), hence from λ 1 -alignment. A reduction observed in the polymer case points to a strongly reduced stretching of vorticity. Second, for the polymer case, we observe an increased alignment with λ 2 . A stronger λ 2 -alignment leads to a small, yet on average positive, contribution to the enstrophy production. The fact that polymers lead to a reduced alignment with the strong stretching eigenvector at the interface while increasing the alignment with the intermediate eigenvector suggests that they alter the entrainment mechanism.
It is possible to link the reduction of strain eigenvalues and the change in alignment with vorticity to the changes in alignment between the polymer conformation tensor with both vorticity and strain eigenframe. Indeed in Fig. 7 (a) it is possible to observe that the largest polymer eigenvector 1 representing the polymer orientation is preferably aligned in the bulk with the vorticity vector confirming what was previously observed in homogeneous isotropic turbulence 10, 29 . Moreover it can be seen that at the interface polymers align stronger with the vorticity indicating that the polymers tend to be oriented parallel to the interface. In this scenario, the polymer stress is expected to affect vorticity indirectly via changes to the strain field. This can be explained by observing that in the FENE-P model the action of the flow field on the polymers is accounted by the terms
which are directly dependent on the rate-of-strain only, making these equivalent to s ir C rj + C ir s rj 27 . The polymer stress depends hence on the local equilibrium between the contribution from the strain field, which tends to stretch the polymers, and the restoring elastic force. When the polymer is aligned with vorticity the stress is expected to produce a reduced stretching effect on vorticity and thus on its production through the ω i ω j s ij term.
The modifications in the alignments between vorticity and the strain eigenframe observed at the interface in Fig. 6 (b) are thus primarily determined by the way polymers alter the strain eigenframe. Closer to the interface it is possible to observe that polymers locally affect the production of enstrophy by shifting the balance between compressive and stretching events towards the compressive ones.
As expected, the strain rate production is more evidently affected by polymers and we observe a larger imbalance towards negative events, in the bulk and even more intensely at the interface. As previously observed this is linked to the changes in alignment between vorticity and strain in the polymer flow. The strong λ 2 alignment seems somewhat to compensate the reduced contribution from λ 1 alignment in the positive side of the pdf of the enstrophy production. A stronger λ 2 alignment also implies a stronger contribution from its negative events, at the same time positive events linked to λ 2 alignment are weaker globally leading to an increased weight of the negative side of the pdf of the enstrophy production.
The process of turbulent regeneration is directly dependent on the balance of both ω i ω j s ij and s ij s jk s ki as it can be seen from the equation for the rate of strain (forcing and inviscid production through pressure Hessian are omitted for the brevity) 27 : 1 2
The change in balance is weak in the bulk of the flow, as can be observed from the skewness values (µ 3 shown in Fig. 8 ). However, it becomes significant at the interface where strain pro-duction dominates over enstrophy production 30 and where vorticity, predominantly oriented parallel to the interface 31 , is strongly anisotropic. In such a situation the space of possible interaction between strain, polymers and vorticity is effectively limited resulting in a more coherent alignment which is a possible reason for the amplified effect of polymers. As it was previously inferred 27,32 and as also observed here, polymers affect the interface through (mis-)alignments of the strain eigenvectors and vorticity vectors and this leads to reduced non-linearity and decreased production of strain. This reduced production of strain, in turn, affects vorticity production, and coupled with a strongly modified alignment of strain and vorticity, reduces the capability of the turbulent flow to entrain the non-turbulent fluid.
IV. CONCLUSIONS
We studied the properties of a shearless turbulent/non-turbulent interface in a dilute polymer solution focusing on properties of orientation between strain, vorticity and polymers.
While such informations are easily accessible in numerical simulations with polymers, the underlying assumptions contained in the polymers model are known to not always lead to physical results 16 . Thus the applicability of the FENE-P model in the framework of shearless turbulent/non-turbulent interfaces has been carefully cross-validated with the experimental results. In both experiments and simulations polymers appear to reduce the maximum size reached by the turbulent patch and produce interfaces with smoother features even when the turbulent kinetic energy available in the patch is comparable.
While polymers affect the turbulence everywhere in the flow, strain-vorticity orientation statistics seem to be little affected in the bulk of the flow and follow the patterns previously observed in a number of different flows with and without polymers 10, 11, 33 . The universal character of the orientation between vorticity and strain eigenframe can also suggest that dynamics of self-amplification of vorticity fluctuations are not strongly affected by the polymers in the bulk and most of the alteration in turbulence comes from the strain field with which polymers directly interact. Strain-vorticity alignments, and as consequence enstrophy production, appear to be more strongly affected at the turbulent/non-turbulent interface.
There the polymers show how they can affect a turbulent flow via minor but significant alterations in the dynamics of production of strain and enstrophy. These alterations manifest the importance of the mechanisms of creation and self-sustaining reproduction of turbulence while in the middle of the channel they settle to orientations similar to the ones found in isotropic turbulence 12 .
